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Chondrocytic and Osteoblastic Cells
to Physical Forces of Hydrostatic 
and Osmotic Pressure, Mechanical 
Stretching, and Low Intensity Pulsed 
Ultrasound
Loading of the musculoskeletal 
system subjects the chondrocytes, 
the main cell type present in 
articular cartilage, to physical 
loading factors, such as hydrostatic 
pressure, mechanical stretching and 
osmotic stress. The responses of 
gene transcription of chondrocytes to 
these physical factors were studied 
in this thesis by using cDNA array 
and microarray techniques. Also, 
the effect of low intensity pulsed 
ultrasound on the gene transcription 
of osteoblastic cells was studied 
to clarify the mechanism of action 
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Figure 1. Three-dimensional scheme of the structure of articular cartilage. Original concept of 
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Figure 2. Suggested range of hydrostatic pressure affecting chondrocytes in human articular 
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Table 1. Summary of the effects of mechanical stretching on matrix production and proliferation 
of chondrocytes or chondrocytic cells in monolayers, three-dimensional cultures and cartilage 
explants. ↑/↓/↔ = increase, decrease or no change of mRNA, immunohistochemically detected 
protein, PG/GAG synthesis or cell proliferation. COL I/II/X = type I, II or X collagen, Collagen = 
total collagen synthesis, n.d. = not determined. 
 
Reference Matrix production Proliferation Exposure settings           
(stretch, cycle, exposure time)  
+ other observations 
(Lee et al. 1982) PG  ↑ n.d. 10%, 8 h (cyclic stretch, frequency 
unknown) 
(De Witt et al. 1984) PG  ↑ ↑ (DNA 
synthesis) 
5.5%, 0.2 Hz, 24 h 
cAMP ↑ 
(Holmvall et al. 1995) Aggrecan ↑               
COL II  ↑ 
n.d. 24%, 0.25 Hz, 1-20 h 
PG  ↑  ↔ 5%, 3 s stretch with 6 minute 
intervals, 24 h 
(Fukuda et al. 1997) 
PG  ↓ ↑ 17%, 3 s on 3 s off, 24 h 
PKC activity reduced by stretch 
(Fujisawa et al. 1999) PG  ↓            




5-20%, 0.004-0.5 Hz, 12-24 h 
Matrix degradation induced by 
stretch 
(Gassner et al. 1999) PG  ↓ n.d. 20%, 0.05 Hz, 48-72 h                   
iNOS mRNA, NO production ↓ 
(Chano et al. 2000) COL II  ↓    
Aggrecan ↔ 
n.d. 25%, 0.05 Hz, 48 h                         
COL X (slightly increased) 
(Gassner et al. 2000b) PG ↔ n.d. 5%, 0.05 Hz, 24 h                          
TGF-β ↑  
(Honda et al. 2000) PG  ↓                
COL II  ↓ 
n.d. 23%, 0.5 Hz, 24 h                           
MMP-1/3/9 ↑, MMP-2/TIMP-2 = 
(Millward-Sadler et al. 
2000a) 
Aggrecan ↑ n.d. 0.32%, 0.33 Hz, 20 min            
MMP-3 ↓ 
(Wong et al. 2003) Aggrecan ↔        
COL II/X  ↑ 
n.d. 9%, 0.5 Hz, 3 h/day for 3 days         
MMP-13 ↑, TIMP-1 ↓          
Hypertrophic markers ↑ 
(Connelly et al. 2004) PG ↓               
Protein synthesis ↔ 
n.d. 10-20%, 1 Hz, 48 h 
no effect with 5% stretch  
(Vanderploeg et al. 2004) PG ↓ 
Protein synthesis ↓ 
↑ 10%, 1 Hz, 68 h 
(Akagi et al. 2006) PG ↓ 
 
n.d. 5%, 3 s on 3 s off, 24 h 
  
(Huang et al. 2007) Aggrecan ↑               
COL II  ↑ 
n.d. 10%, 0.5 Hz, 12 h 
(Zhou et al. 2007) PG ↑ n.d. 0.075%, 0.33 Hz, 3 h 
    


Table 1.Continued    
Reference Matrix production Proliferation Exposure settings           
(stretch, cycle, exposure time)  
+ other observations 
(Das et al. 2008) Aggrecan ↓         
COL I ↓             
COL II ↓             
COL X ↓ 
n.d. 0.5-3%, 0.5 Hz, 2 h/day for 3 days 
MMP-1/3 ↑, MMP-13 ↓ (in 
dedifferentiated expanded 
chondrocytes) 
(Doi et al. 2008) Aggrecan ↔             
COL II  ↔ 
n.d. 7%, 0.5 Hz, 24 h                             
MMP-13, IL-1β, cathepsin B ↑ 
(Hirano et al. 2008) COL II  ↑ ↔ 16%, 0.83 Hz, 24 h                          
NO↑ (static stretch) 
(Ueki et al. 2008) PG ↑ 
Collagen ↑                
↑ (DNA 
synthesis) 
3%, 0.5-2.5 Hz, 12-24 h 
(Vanderploeg et al. 2008) PG ↑     n.d. 5%, 1 Hz, 12 h/day for 3 days 
PG synthesis of only superficial zone 
chondrocytes affected  
(Fan & Waldman 2010) PG ↑ 
 
↔ 3.8% static, 3x30 min/week for 4 
weeks  
No effect with more frequent daily 
exposure 
(Mawatari et al. 2010) Aggrecan ↓        
COL ↓ 
n.d. 0.085-0.34%, 0.125-1 Hz, 3-18 h 
osteoarthrotic human chondrocytes 
(Wang et al. 2011) COL II  ↓   
Aggrecan ↔ 
↔ 16%, 0.5 Hz, 48 h                           








44"!44!4&!4 4!4!4!4 !"!"44!4!  "4"4
!4/4!4 44 $4!!4444!444 !!44
!4 !4"!4 4 !"#444&4 &! 4 14 )2/44  4 !4
! "!4 4!4"!44!4!%4! 44&! 04
"4 !4  !!4 % "/4 4 ! 4 !%!04 ! "!4 " 4 !4 !!4 4
 !!4 44!4 " "!4 4! "!4!4!4&!4"" /4 44
 "!44! "!04!44 44!44%  4&444
!4"4 44"! 4$44!4!44 !/44
#4 ! "!4 #! 4 #4 4 !4 4  !!4 &! /4
! 04! 4! 44&!4&! !4!4!4044&4
& 4 4! "!/4 04 !4 ##!4 4 !4 !4  ""! 4α*04α+4
4β)4 4 !4 ! "!4 4  !!4  4 4 !/4 4 %  4 4
!4  ""!4 α*4 $ 4 4 !4 4 "3"!4 4  !!4  4  4
1#4!4/4)..+204$4α+β)4!4$ 4 !"!4!44!4!44!4
 !!3"4& !4  44"!"4"4&! 41!4!4/4
)..,2/4 4 "4 !"4 &! 04 !4  ""!4 α+4  4 $!4
"!"!4  4"4β3!04$4$ 4 &!4!4  !!4
14!4/4*(((2/44"4! !44β3!4 44"4&4!34
 4 1204 4  3!4  4 !!4 $!4 &! 4 4 4 !4
 ""!4β)41	#4!4/4)..-2/44!#!444 44 !!44!4!"4
&! 4!4 !!414!4/4*()(2/44

4&!!4!44 !4  4 4!44 !!4 1$'4!4 /4
*((-2/4 !4  4 4 !4 !4 #4 4  !4 !4 !$4 !4  4
 !"!" 44 !!4" /4!4 4! " 4 !!4  44" 4 /4$'4
43$ 4#4!!4!!44!"4!04"!4! 444! "4 !!4




  %!@'"@&'%'!9@@(!'"!@"@&'%'?')'@#& @  %!@"!@!!&@
&@  !"%#'"%&@ &@ !@ + !9@ !@ .66/:@ %'@ !@ "?*"%%&@ %#"%'@
,#%#"%&'"!@ "@ ('(%@ ( !@ "!%",'&@ '%@ +#"&(%@ '"@ ,@ ,%"&''@
#%&&(%@ ;%'@ '@ 9@ .66/<9@ "*)%:@ @ &(&$(!'@ &'(,@ %)@ ''@ '@
,#%#"%&'"!@ @ '(,@ !@ (&@ ,@ @ &'%'!@ ;%'@ '@ 9@ .663<9@
,#%#"%&'"!@ &@ !@ #"&'('@ '"@ @ !''@ ,@ /7?!(+@ '%"(@ &'%'?
')'@ #& @   %!@ !!&:@ *@ !@ '(%!@ '%%@ "('"*@ "@ #"'&&( @
'%"(@ /7?')'@ 
7@ !!&9@ @ ')'"!@ "@ 
7@ !!&@ ,@ #& @  %!@
&'%'@&@&"@!@ "!&'%'@!@#"%!@%'(%@"!%",'&@;%'!@'@9@.664<9@
@ &'(,@ "@%'@ !@ "?*"%%&@ #"!'@ '"@ '@ !)") !'@ "@α2β.@ !'%!&:@ '!@
,'"&'"!:@ #"&#"#&@ @  "(!@ #'*,:@ ',%"&!@ #%"'!@ !&@ !@ #%"'!@
!&@@!@'@ !"'%!&('"!@"@'@,#%#"%&'"!@%&#"!&@;%'@'@9@.664<9@
@& @%&%@%"(#@&"@ "!&'%'@''@'@,#%#"%&'"!@%&#"!&@!)")@
!@ ('"%!>#%%!@ !& @ ;*%?%@ '@ 9@ .666<9@ '%'!@ '%%@ '@
%&@ "@ "!%"#%"'')@ ,'"!@ !'%(!?1@ ;?1<:@ *@ *&@ !&&%,@ "%@ '@
  %!@,#%#"%&'"!@"@"!%",'&9@&@&'%'?')'@ !"'%!&('"!@
#'*,@ !)")!@α2β.@ !'%!&:@ ?1:@!@  %!@,#%#"%&'"!@*&@ '%@ !@
'"@ @ "!%"#%"'')@ !%&@ !@ '@ +#%&&"!@ )@ "@  @ "%@ %!@ !@ @
%&@ "@ ''@ "@ ?0@ ;*%?%@ '@ 9@ /---<9@ @ &'%'?!(@
"!%"#%"'')@%&#"!&@*&@&!'@!@"&'"%'%"'@"!%",'&:@*@&"@&"*@
#& @   %!@ #"%&'"!@ !&'@ "@ ,#%#"%&'"!@ ;*%?%@ '@ 9@
/---<9@ &@ &'(,@ &"@ %)@ '@ %!@ '*!@ '@ %&#"!&&@ "@ !"% @ !@
"&'"%'%"'@ "!%",'&9@ @ #%&!@ "@ '!@ ,'"&'"!@ !@ #%"'!@ !&@ :@
*@*%@!)")@!@'@,#%#"%&'"!@"@!"% @"!%",'&:@*%@!"'@!&&%,@
"%@ '@ &'%'?!(@ #"%&'"!@ "@ "&'"%'%"'@ "!%",'&9@ ,%"&!@




"!@ !!&@  ,@ )@ @ %"@ !@ &'%'?!(@ "!%",'@ #%"%'"!@ !@
%!''"!@ ;(@ 8@ !@ /---<9@ @ "@ "@ &'%'?')'@ !!&@ *'@
"!( @ "&@ '@ #%"%')@ '@ "@ &'%'!@ "!@ @  %,"!@
"!%",'&:@ *%&@ "@ "@ /7@ !!&@ !'@ "'@ '@ #%"%')@ !@
%!'')@ ;(#%('"!@ "@ %'@  '%+@ #%"'!> '%!?.<@ '&@ "@ &'%'!9@
%"%')@ &' ((&@"@ &'%'!@*&@ "!),@ '%"(@ !@"@ !"'%!&('"!@
)!'&@ !(!@ &'%'?')'@ "!@ !!&:@ @!@"!@ "%#"!'@ #%"'!&@ /@
!@1@;?/:@?1<:@('@!"'@'%"(@#%',%"@"% "!?%'@##'@;%<@;(@
'@ 9@ /--.<9@ (%'% "%:@ +#"&(%@ '"@ '@ &'%'?')'@ '"!@ !!@ "%@
"!( @"!@(&@@%!''"!@"@"'@%'@"!%"&%" @&@!@( !@
#% %,@ "!%",'&@ ,@ "*!?%('!@ '@ +#%&&"!&@ "@ "'@ %!@ !@
#%""!@α.;<@;%!&@'@9@/--2<9@














&@ &(  %&@ !@ #'%@ ;/90<@ "):@ !@ &'%'!@&@ '@#"'!'@ '"@ &'@
 '%+@ '"& @"@ %'(%@ "!%",'@ !@ '%@ !@ !"@ "%@ @ '"@%'"!9@


#&B (B !#) (#"B #B !(# '!;B (B #"&#-(B '#) B ((B '(&("B #&B
$#'' -B(&#)B(B$ '!B!!&"B"(&"'B"B#"B"" ':B&(#"B#B	A3B!-B
&&-B (B '(&(B '" B *B (B )(#&"@$&&"B &#)(:B &#)'B "(&  ) &B '"  "B
$(+-'B$''B(B'(&(B'" 'B(#B(B") )';B+&B(B(&"'&$(#"'B#B'$B'('B#B
"'B&B&) (:B#"( '';B (B( B'($'B "*# *B"B(B!"#(&"')(#"B
$&#''B#B'(&("B"B#"&#-('B'(  B&!"B(#BB )(:B
2.4 EFFECTS OF LOW INTENSITY PULSED ULTRASOUND (LIPUS) ON 
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Table 2. Summary of LIPUS effects on matrix production and proliferation of chondrocytes.  
↑/↓/↔ = increase, decrease or no change of mRNA level, immunohistochemically detected 
protein, PG/GAG synthesis or cell proliferation, COL II = type II collagen. n.d.= not determined. 
 
Reference Matrix production Proliferation Other observations 
 







(Yang et al. 1996) Aggrecan  ↑                
COL II  (↑) slight, but 
not significant             
↔ No effect on osteocalcin, 
procollagen Iα1, ALP or TGF-β1 
(Parvizi et al. 1999) Aggrecan ↑                 
COL II  ↔              
PG  ↑ 
↔ No effect on procollagen Iα1 
expression 
(Nishikori et al. 2002) Aggrecan ↑                 
COL II  ↔              
PG  ↑ 
↔ - 
(Parvizi et al. 2002) PG  ↑ n.d. Calcium signalling required in 
the upregulation of PG 
synthesis  
(Zhang et al. 2002) Aggrecan ↑               
COL II  ↑  
n.d. Increased collagen X staining in 
growth plate, but not in hyaline 
cartilage 
(Zhang et al. 2003) Aggrecan ↑               
COL II  ↑  
↑ Collagen X ↓ in hyaline cartilage 
(Duda et al. 2004) COL II  ↓                n.d. Collagen I ↓  
(Hsu et al. 2006) COL II  ↑               
PG ↑             
↑ -  
(Kopakkala-Tani et al. 2006) PG ↑                          n.d. - 
(Korstjens et al. 2008) PG ↑ ↑ Larger effect on chondrocytes 
from osteoarthrotic cartilage 
(Tien et al. 2008) Aggrecan ↑               
COL II  ↑                
↔ Chondrocytes from older donors 
less responsive 
(Kobayashi et al. 2009) COL II  ↔              
PG ↑ 
↑ Chondrocytes from 
intervertebral disc 
(Naito et al. 2010) COL II  ↑               n.d. - 
    
20 

Table 2. Continued    
Reference Matrix production Proliferation Other observations 
(Uenaka et al. 2010) Aggrecan ↑               
COL II  (↑) slight, but 
not significant         
PG ↑ 
n.d. - 
(Vaughan et al. 2010) PG ↑ ↔ GAG synthesis induction in 
chondrocytes in agarose only 
(Irrechukwu et al. 2011) COL II  ↑               
PG ↑ 
n.d. Collagen X ↓ MMP-13 ↓  
no effect on collagen I 
production 
(Subramanian et al. 2013) Aggrecan ↑               
COL II  ↑               
↑ ERK phosphorylation ↑, 
Decreased actin filaments, 
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Table 3. Overview of responses of osteoblastic cells to LIPUS exposure.  
↑/↓/↔ = increase, decrease or no change of mRNA or protein, enzyme activity, growth factor 
secretion, signalling pathway activity or cell proliferation. n.d. = not determined. 
 
















n.d. n.d. n.d. n.d. Thermal 
effects ruled 
out 




n.d. n.d. n.d. ↑ - 





IL-1β ↑     





n.d. n.d. ↑ IL-6 and  





n.d. n.d. n.d. ↑        
(COX-2 ↑) 
 - 
(Reher et al. 
1999) 





n.d. n.d. n.d. IL-6 and  
TNF-α        
not regulated 
by LIPUS 
(Ito et al. 
2000) 
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(Sun et al. 
2001) 






osteocalcin ↑  
n.d. n.d. n.d.        
(COX-2 ↑) 
n.d. c-fos ↑          
(Li et al. 
2002) 
n.d. n.d. n.d. ↑ ↑ - 




n.d. iNOS ↑       
NO ↑ 
↑        
(COX-2 ↑) 
n.d. - 




n.d. Gαi protein 
activation↑ 
n.d. n.d. ERK 
phosphory-
lation ↑ 
(Li et al. 
2003) 
n.d. TGF-β1 ↑ 
TNF-α ↓    
IL-6 ↓  
n.d. n.d. ↑ - 
(Naruse et 
al. 2003) 
osteocalcin ↑ IGF-1 ↑ n.d. n.d.      
(COX-2 ↑) 
n.d. c-fos         
up-regulated 




n.d. n.d. ↑        





(Wang et al. 
2004) 






NOS ↑       
















protegerin ↓  










n.d. n.d. n.d.       
(COX-2 ↑) 
n.d. c-myc ↑   
TSC-22 ↑ 




collagen   
content ↑       




α5, and β1 ↑ 


Table 3. Continued      










(Li et al. 
2006) 














(Maddi et al. 
2006) 
ALP ↑    
osteocalcin ↑  
RANKL ↓ 
osteo-
protegerin ↑  




et al. 2006) 





n.d. n.d. n.d. - 
(Tang et al. 
2006) 






↑        
(COX-2 ↑) 
















n.d. n.d. RANTES 
chemokine 
not affected 
(Chen et al. 
2007) 
n.d. n.d. n.d. n.d. ↑ 150 mW/cm2 
1 MHz/3 MHz   
On 3 MHz 
frequency 
effect also on 
lower 
intensity of  
50 mW/cm2    
(Takayama 




Msx2 ↑ Dlx5 ↑ 




n.d. n.d. n.d. ↔ - 
(Tang et al. 
2007) 












et al. 2007) 
ALP ↑            
MMP-13 ↑ 
mineralisation ↑ 
n.d. n.d. n.d. n.d. - 
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(Chiu et al. 
2008) 

















Loss of cell 
migration 
Microtubule 
stability ↓  
(Hou et al. 
2009a) 
n.d. BMP-2 ↑ PI3K and Akt 
activated 
n.d. n.d. c-fos ↑            
c-jun ↑ 
(Hou et al. 
2009b) 









n.d. BMP-2 ↑ 
BMP-4 ↑ 




n.d. n.d. BMP-receptors 
BMPR-IA ↑ 
BMPR-IB ↑  
ActR-I  ↑ 
BMPRII ↑ 
ActR-IIA ↑ 






Msx2 ↑ Dlx5 ↑ 






n.d. n.d. ↔ - 
(Alvarenga 
et al. 2010) 
n.d. n.d. ATP release ↑ 
intra-cellular 
Ca2+ ↑ 






(Olkku et al. 
2010) 







n.d. ↔ Thermal 
effects ruled 
out 
(Saini et al. 
2011) 
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(Kang et al. 
2011) 
ALP ↑                  














ALP ↑ SOST ↑ 
FGF23 ↑    





protegerin ↑  
Wnt1 ↑        
β-catenin ↑ 
PI3K ↑      
α5β1integrin ↑ 
ILK ↑ ERK ↑     
p-mTOR ↑ 








(Li et al. 
2012) 
ALP ↑ n.d. NO ↑ ↑ 
(osteocytes) 
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5.1 GENE EXPRESSION CHANGES IN CHONDROCYTIC CELLS INDUCED 
BY HIGH CONTINUOUS HYDROSTATIC PRESSURE (I) 
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5.2 EFFECTS OF CYCLIC STRETCHING AND LOW HYDROSTATIC 
PRESSURE ON CHONDROSARCOMA CELL GENE TRANSCRIPTION (II) 
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5.3 WHOLE GENOME RESPONSE OF OSTEOBLASTIC CELLS ON LOW 
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Table 4. Functional groups of genes regulated by ultrasound. 
,,
Functional group Number of 
regulated 
transcripts 
Hypothetical/miscellaneous proteins 195 
Zinc finger proteins and other 
transcription factors 
32 
Plasma membrane proteins and 
transporters 
29 
Histone- and chromatin-associated 
proteins 
23 
General metabolism 21 
Cytoskeleton-associated proteins 16 
Cellular signalling 13 
Intracellular membranes and 
organelles 
11 






Protein synthesis and protein 
modification 
7 
Cell cycle regulation 6 







5.4 REGULATION OF TAURINE TRANSPORTER mRNA EXPRESSION IN 
CHONDROCYTIC CELLS (IV) 
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6.1 cDNA ARRAY ANALYSIS OF PRESSURISED CHONDROCYTIC CELLS (I) 
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6.3 EFFECT OF LOW INTENSITY PULSED ULTRASOUND ON THE 
TRANSCRIPTOME OF OSTEOBLASTIC CELL (III) 
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6.4 THE REGULATION OF THE TAURINE TRANSPORTER AND ROLE OF 
TAURINE IN ARTICULAR CHONDROCYTES (IV) 
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Chondrocytic and Osteoblastic Cells
to Physical Forces of Hydrostatic 
and Osmotic Pressure, Mechanical 
Stretching, and Low Intensity Pulsed 
Ultrasound
Loading of the musculoskeletal 
system subjects the chondrocytes, 
the main cell type present in 
articular cartilage, to physical 
loading factors, such as hydrostatic 
pressure, mechanical stretching and 
osmotic stress. The responses of 
gene transcription of chondrocytes to 
these physical factors were studied 
in this thesis by using cDNA array 
and microarray techniques. Also, 
the effect of low intensity pulsed 
ultrasound on the gene transcription 
of osteoblastic cells was studied 
to clarify the mechanism of action 
of ultrasound on improving bone 
fracture healing.
